We have developed a novel multilocus sequence typing (MLST) scheme and database (http://pubmlst. org/pacnes/) for Propionibacterium acnes based on the analysis of seven core housekeeping genes. The scheme, which was validated against previously described antibody, single locus and random amplification of polymorphic DNA typing methods, displayed excellent resolution and differentiated 123 isolates into 37 sequence types (STs). An overall clonal population structure was detected with six eBURST groups representing the major clades I, II and III, along with two singletons. Two highly successful and global clonal lineages, ST6 (type IA) and ST10 (type IB 1 ), representing 64 % of this current MLST isolate collection were identified. The ST6 clone and closely related single locus variants, which comprise a large clonal complex CC6, dominated isolates from patients with acne, and were also significantly associated with ophthalmic infections. Our data therefore support an association between acne and P. acnes strains from the type IA cluster and highlight the role of a widely disseminated clonal genotype in this condition. Characterization of type I cell surface-associated antigens that are not detected in ST10 or strains of type II and III identified two dermatan-sulphate-binding proteins with putative phase/antigenic variation signatures. We propose that the expression of these proteins by type IA organisms contributes to their role in the pathophysiology of acne and helps explain the recurrent nature of the disease. The MLST scheme and database described in this study should provide a valuable platform for future epidemiological and evolutionary studies of P. acnes.
INTRODUCTION
Propionibacterium acnes is a Gram-positive aerotolerant anaerobic bacterium which forms part of the normal resident human microbiota of the skin, oral cavity, and gastrointestinal and genito-urinary tracts (Patrick & McDowell, 2011) . The organism is an opportunistic pathogen most widely known for its association with acne vulgaris (Dessinioti & Katsambas, 2010) but it also causes bacterial keratitis (Ovodenko et al., 2009 ) and endophthalmitis after ophthalmic surgery (Javey et al., 2010) , and is increasingly recognized as a significant cause of medical device-related infections (Tunney et al., 1999; Zeller et al., 2007; Piper et al., 2009) . It has also been linked to synovitis-acne-pustulosis-hyperostosis-osteitis (SAPHO) syndrome (Schaeverbeke et al., 1998) , sarcoidosis (Yasuhara et al., 2005; Eishi et al., 2002) , primary biliary cirrhosis (Harada et al., 2001) , sciatica (Stirling et al., 2001) , spondylodiscitis (Uçkay et al., 2010) and, more recently, prostate cancer (Cohen et al., 2005; Alexeyev et al., 2007) . The pathogenic potential of P. acnes has been vividly demonstrated from completed genome sequences which reveal a wide range of gene products that may invoke inflammation, degrade host molecules and facilitate evasion of the host immune response (Brüggemann et al., 2004) .
Sequence-based analyses of the recA housekeeping gene, as well as putative virulence genes, have shown that P. acnes comprises distinct evolutionary lineages, known as IA, IB, II and III, that share 99.8-99.9 % identity based on 16S rRNA gene sequences (McDowell et al., , 2008 . These groups or phylotypes also display defining phenotypic differences with respect to cellular morphology, seroreactivity and the production of virulence determinants (Johnson & Cummins, 1972; McDowell et al., 2008) . These differences led us to suggest that these groups may vary in their capacity to cause different infections or conditions McDowell et al., 2005; Lodes et al., 2006) . The recent observation that phylotypes II and III appear to be more frequently associated with endodontic and nosocomial infections compared with type I strains provides some evidence to support this view (Niazi et al., 2010) . Genetic analysis of P. acnes strains by Lomholt & Kilian (2010) has also shown that isolates representing phylotypes IB, II and III are more often associated with blood, cerebrospinal fluid and prosthetic hip infections compared with IA strains, which they found were highly associated with acne. Furthermore, previous studies also suggest that types IB and II are more commonly isolated from cancerous prostate tissue than type IA strains, although a causal link between chronic P. acnes infection and prostate cancer development remains to be established (Shannon et al., 2006) . Investigations by Sampedro et al. (2009) found that type IB and type II were more frequently isolated from sonicate prepared from infected orthopaedic implants compared with type IA, with no type III isolates being found. They did, however, also isolate similar numbers of type IB, type II and increased levels of type IA strains from implants that were removed from patients due to apparent aseptic failure. While the nature of this latter association is unclear, it may reflect colonization of loosened implants prior to downstream infection (Zeller et al., 2007) .
Despite the growing evidence that different phylotypes of P. acnes are associated with certain clinical conditions, the identification of specific strains associated with disease has been hampered by the lack of a universal and standardized typing scheme for unambiguous genotypic characterization. Against this background, and building on our previous phylogenetic studies of P. acnes, we now describe a novel multilocus sequence typing (MLST) scheme and database to facilitate future epidemiological and evolutionary studies. Our phase 1 study, which has focused mostly on isolates from patients with acne and ophthalmic infections, confirms the association of a dominant and widely disseminated type IA clone and its descendants with acne and demonstrates that ophthalmic infections (bacterial keratitis and endophthalmitis) are associated with strains from the type I clade (IA, IB). We also demonstrate differences between phylotypes in the expression of type I cell surface-associated antigens with phase/antigenic variation signatures and propose that these differences contribute to the association of type IA strains with acne.
METHODS
Bacterial isolates. A total of 123 P. acnes isolates were examined in the study, including the reference strain NCTC737 (facial acne isolate) which was obtained from the National Collection of Type Cultures (NCTC) and KPA171202 (DSM 16379; contaminated anaerobic culture) which was from the German Collection of Microorganisms and Cell Cultures. Table 1 summarizes the panel of 50 characterized isolates used for validation of our MLST scheme, along with their geographical and clinical source. Supplementary  Table S1 (available with the online version of this paper) summarizes all the isolates analysed by MLST (n5123). A total of 54 isolates were from patients with acne, 31 were from ophthalmic-related infections (bacterial keratitis and endophthalmitis), 12 were associated with soft-tissue infections or surgical skin wounds and six with dental infections, two were from blood cultures, six were associated with spinal disc material and eight were from sonicate prepared from failed prosthetic hip joints. The remaining four isolates were from a bone infection, contaminated culture, a cancerous prostate and cadaveric skin. Isolates recovered from patients with acne were kind gifts from Dr Jon Cove and Dr Anne Eady (The Skin Research Centre, University of Leeds, UK) and isolates from ophthalmic-related infections were from Dr Christine Chaumeil (Quinze-Vingts National Centre of Ophthalmology, France). Isolates from blood and soft-tissue infections were gifts from Dr Jon Brazier (Anaerobe Reference Unit, University Hospital of Wales, Cardiff, UK). The cancerous prostateassociated isolate was from Dr Beverley Shannon (Tissugen Pty Ltd, Australia). The remaining isolates were from our own collections.
Bacterial culture. All bacterial strains were maintained at 280 uC in brain heart infusion (BHI) broth, containing 12 % (v/v) glycerol, pending analysis. Organisms were cultured on anaerobic blood agar at 37 uC in an anaerobic cabinet (Mark 3; Don Whitley Scientific) under an atmosphere of 10 % H 2 , 10 % CO 2 , 80 % N 2 . Strains were initially identified as P. acnes by using the API 20A and ID32A multitest identification systems (bioMérieux Ltd) in accordance with the manufacturer's instructions. Sorbitol fermentation was determined as previously described .
MLST-PCR. Housekeeping gene loci were identified within the P. acnes KPA171202 (type IB) genome sequence (GenBank accession no. AE017283) (Brüggeman et al., 2004) . The seven loci selected for the MLST scheme were aroE, atpD, gmk, guaA, lepA, recA and sodA. For the extraction of chromosomal DNA, P. acnes isolates were harvested from agar plates into 500 ml 50 mM Tris buffer, pH 8.0, containing 10 mM EDTA and 0.8 mg lysozyme ml 21 (Sigma-Aldrich) before incubation at 37 uC for 30 min. Proteinase K (0.6 mg ml 21 ; Invitrogen) was then added to the mixture and incubated at 37 uC for 30 min before the addition of lauryl sarcosine (1.6 % v/v) for 10 min at 30 uC. DNA was then obtained following the standard phenol/chloroform extraction and ethanol precipitation protocols described by Sambrook et al. (1989) .
For each locus, PCR primers were designed to have the same melting temperature (T m ) and reaction conditions as follows: initial denaturation at 94 uC for 1 min; 30 cycles of denaturation at 94 uC for 1 min, primer annealing at 58 uC for 1 min and extension at 72 uC for 2 min; followed by a final extension step at 72 uC for 10 min. Each 50 ml amplification reaction mixture comprised~10 ng DNA, 20 pmol forward and reverse primer ( Nucleotide sequencing of MLST loci. Internal nested sequencing primers for MLST were designed using the same method as for the amplification primers (Table 2 ). Partial sequencing of the amplified gehA gene was performed using the forward primer PAL-1. Nucleotide sequences were determined with BigDye Terminator Ready Reaction Mix, version 3.1 (Perkin-Elmer Applied Biosystems) under standard sequencing conditions according to the manufacturer's protocol. Unincorporated dye terminators were removed by precipitation with 95 % (v/v) alcohol. The reaction products were separated and detected on an ABI PRISM genetic analyser (PerkinElmer Applied Biosystems) using a standard sequencing module with a Performance Optimized Polymer and 5 cm array. The sequences from both strands of a given locus of the same isolate were aligned, trimmed to the desired length and edited using SeqMan II (DNASTAR software).
Assignment of alleles and sequence types (STs). After sequencing, each distinct allele within a locus was assigned an arbitrary number. Each isolate was therefore represented by a combination of seven numbers, the allelic profile, which was then given an ST number. Subsequent isolates with an identical allelic profile were assigned the same ST identifier and considered to be isogenic as they were indistinguishable at all loci. Each new ST number was assigned in order of analysis. The P. acnes MLST website (http://pubmlst.org/ pacnes/) developed by Keith Jolley is hosted at the University of Oxford, UK (Jolley et al., 2004) .
Phylogenetic analyses. Phylogenetic relationships were investigated with minimum-evolution (ME), maximum-parsimony (MP), maximum-likelihood (ML) and neighbour-joining algorithms using MEGA v. 4.0 and PAUP v. 4 beta 10 software. ML trees for all seven loci were computed and compared using the Shimodaira-Hasegawa test to identify significant differences in tree topologies (differences in loglikelihood D-lnL). Split graph analysis using SplitsTree version 4.1 and Neighbour-net algorithm was used to highlight the possible influence of recombination (Huson & Bryant, 2006) . Index of association values (I A ) were determined following the method described by Haubold & Hudson (2000) with LIAN v. 3.5 software. Clonal groups were identified using the eBURST v. 3 clustering algorithm which does not impose a tree-like pattern of descent and dRAPD analysis as described by Perry et al. (2003) . §eBURST analysis following the method described by Feil et al. (2004) . ||Isolate was type IB by single locus phylotyping, type IA by MLST analysis. "Disc material removed by microdiscectomy surgery. #Recovered from prosthetic hip joint sonicate. 
P. acnes MLST and antigen characterization
will also identify the most likely (i.e. parsimonious) ancestral ST within each clonal complex (http://www.mlst.net) . All of the statistical analyses for the MLST data were carried out using the START v. 2 programme (http://www.pubmlst.org) (Jolley et al., 2001) . Data distributions were analysed using the x 2 tests. Statistical significance was P,0.005.
Antibody typing. mAb typing by immunofluorescence microscopy (IFM) was carried out as described previously . Isolates were examined for their reactivity with mouse mAbs QUBPa1 and QUBPa2, which target strains within the major P. acnes clades I and II, respectively (McDowell et al., , 2008 .
Single locus phylotyping and random amplification of polymorphic DNA (RAPD). PCR amplification and sequencing of the complete recA gene sequence (1047 bp) and tly gene sequence (777 bp) for single locus phylotyping were carried out as described before . RAPD analysis, which discriminates type I isolates (RAPD profile 01) at the 64 % similarity level, and type II (RAPD profile 02) and III (RAPD profile 03) isolates at the 68 % similarity level, was performed following the method of Perry et al. (2003) .
Purification and characterization of type I cell surfaceassociated antigens. The mAb QUBPa1 was purified on a HiTrap protein G column (Amersham), concentrated by ultrafiltration and immobilized on CNBr-activated agarose (Sigma-Aldrich) as described previously . Preparation of bacterial extracts (type IA strain AT1), immunoaffinity purification and trypsin digestion were carried out as described previously . Analysis of purified samples by SDS-PAGE (NuPAGE Novex pre-cast gels; Invitrogen) and Western blotting were performed using methods similar to those described by Houston et al. (2010) . For analysis of type I cell surface-specific antigens prior to mass spectrometry, samples were separated on 9 % (w/v) Bis-Tris gels and stained with Gelcode Blue (Thermo Scientific) before excision.
SDS-PAGE samples were analysed by mass spectrometry using a Voyager DE STR MALDI-TOF mass spectrometer (Applied Biosystems). The peptide mass fingerprint spectra for each protein and subsequent protein identification were performed using MS-FIT (University of California) and MASCOT (Matrix Science) programmes.
RESULTS

Selection and variation at MLST loci
In the selection of candidate loci, several criteria were used. Only genes encoding putative housekeeping products were considered for our scheme, in contrast with putative virulence factors which may come under greater selective pressures. Genes located near mobile elements were avoided. Also, the candidate genes were at least 500 bp in length so that universal nested primers could be designed to conserved regions that flank a variable central core.
Following analysis of 123 isolates, the mean allele length was 448 bp, with sizes ranging from 400 bp (gmk) to 493 bp (guaA) ( Table 3 ). The total number of housekeeping gene alleles ranged from three (recA) to 13 (aroE and guaA), with a mean of 8.3 per locus. This provided the potential to distinguish~3610 6 different genotypes. All alleles for a given locus were found to be of equal length for all the isolates examined. The degree of sequence diversity within the seven loci was variable with the proportion of polymorphic sites ranging from 0.6 % (recA) to 7.3 % (aroE). To assess the degree of selection operating on each locus, the d N d S ratio (non-synonymous substitutions to synonymous substitutions) was calculated for all seven loci (Table 3) . For all genes, the d N d S ratios were significantly less than 1.0, indicating that all loci were subject to stabilizing selection and therefore suitable for MLST analysis.
Assignment of allele and sequence types
A total of 37 novel STs were assigned to the 123 P. acnes isolates analysed (Supplementary Table S1 ). Allelic profiles and STs are available at http://pubmlst.org/pacnes. The genotypes ST6 (n561; 50 %), ST10 (n518; 15 %) and to a much lesser extent ST9 (n55; 4 %) were the predominant allelic profiles amongst the isolate collection (Supplementary Table S1 ). The remaining 34 STs were more evenly spread over the remaining 39 isolates, with 30 having a unique ST. The P. acnes type strain NCTC737 (type IA) was found to have the genotype represented by ST6, while KPA171202 (type IB 1 ), the P. acnes strain used for the first published whole genome sequence, belonged to ST10. The addition to our core housekeeping gene data of partial nucleotide sequences from two secreted putative virulence factors, the lipase gehA (450 bp) and the putative haemolysin tly (500 bp) did not provide any significant enhancement in clonal discrimination ( Supplementary Fig. S1 , available with the online version of this paper). For comparative purposes, we also analysed sequence data generated from four P. acnes strains that currently form part of the Human Microbiome Project (HMP; http:// www.hmpdacc.org/). The strains J165 (type IA) and SK137 (type IA) were found to be ST6 and ST11, respectively, while strains SK187 (type IA) and J139 (type II) were identified as ST39 (allelic profile 16-1-1-15-1-1-4) and ST40 (allelic profile 17-4-2-16-2-2-12), respectively. These latter two STs were not identified amongst any of the other isolates analysed during this study.
Phylogenetic analysis and validation of MLST data
Phylogenetic analysis of concatenated housekeeping gene sequences (3135 bp) neatly resolved isolates into three major clades, supported by bootstrap values of ¢99 %, which corresponded to the previously described groups I, II and III (Fig. 1) . Strains within clade I split into a large cluster representing type IA (bootstrap 96 %) and two further clusters designated types IB 1 (bootstrap 100 %) and IB 2 (bootstrap 88 %). A total of 82 isolates were identified as type IA (18 STs) based on MLST analysis, with 28 isolates representing the type IB divisions (six STs). A total of eight isolates (eight STs) were identified as type II and five isolates as type III (five STs). To validate the MLST scheme, the results obtained for 50 isolates covering all unique STs within divisions IA, IB, II and III were compared with those obtained using previously published antibody and molecular typing methods for P. acnes (Table  1 ; Supplementary Fig. S2 , available with the online version of this paper). The MLST clustering of strains into the major genetic divisions was congruent with the results obtained using a combination of antibody typing, single locus typing and RAPD, with a number of notable exceptions ( All isolates within the type II and III clades were negative for sorbitol fermentation and haemolysis, as previously described for these groups (McDowell et al., 2008; Lomholt & Kilian, 2010) .
Identification of type I cell surface-associated antigens as dermatan-sulphate-binding proteins A major (higher molecular mass) and a minor (lower molecular mass) protein band were observed upon Western blotting of purified antigen eluted from a QUBPa1 immunoaffinity column (Fig. 2) . Using a 10 % (w/v) NuPAGE Novex Bis-Tris gel and MES running buffer, the major and minor protein bands had molecular masses of 52-62 kDa and 49 kDa, respectively. The minor band matched the sequence of PA5541 (NCTC 737; IA) and PPA2210 (KPA171202; IB 1 ) while the major band matched both PA5541/PPA2210 and the homologue PA25957/ PPA2127 ( Supplementary Fig. S3 , available with the online version of this paper). These highly similar proteins share homology with an M-like protein of Streptococcus equi and display dermatan-sulphate binding activity, as well as putative phase/antigenic variation signatures that may affect expression (Supplementary Figs S4 and S5) (Lodes et al., 2006) . For example, the wide range of molecular masses within the major band is likely to result from within-clone variation of the sequence encoding the PT repeat region located towards the mid-to-carboxyl terminus (Lodes et al., 2006) . IFM analysis of type I strains with QUBPa1 reveals polar and septal labelling on the cell surface (Fig. 3) . Counterstaining demonstrates, however, some cells that are unlabelled, which is indicative of phase variation (Fig. 3) . Approximately 95 % of cells within different fields of view were found to be labelled, which is similar to that previously described for this antibody .
Population structure and diversity
Using the stringent eBURST criteria of assigning STs to the same clonal complex if they share at least six of seven loci with at least one other ST in the group, a total of six clonal complexes and two singletons were identified amongst the 37 STs of our isolate collection (Fig. 4) was determined using the Jukes-Cantor method. Nucleotide divergence within the clonal complexes was small, ranging from 0.06 to 0.41 %, but did rise to 1.10 % when the level of divergence was compared between the clonal complexes of the major clades I, II and III.
Role of recombination
The level of linkage between alleles at different loci around the chromosome was estimated by calculating I A values. An I A not significantly greater than zero after 1000 computer randomizations suggests linkage equilibrium, while an I A greater than zero is considered clonal. The I A value when all strains were analysed was 0.5206 (P,0.001) and with a representative of each ST was 0.4598 (P,0.001), providing evidence that the population as a whole was clonal and in linkage disequilibrium. Evidence of Immunoblot with QUBPa1 and alkaline phosphatase-conjugated goat anti-mouse IgG. Lanes: 1, SDS-PAGE SeaBlue Plus protein marker; 2, pooled peak 1 fractions collected from immunoaffinity column representing unbound protein; 3, pooled peak 2 fractions collected from immunoaffinity column representing bound type I antigen. The high molecular mass band (~52-64 kDa) corresponds to DsA1/DsA2 (PA25957/PA5541) while the lower molecular mass band corresponds to DsA2 (PA5541). . eBURST 'population snapshot' of allelic profiles based on the current P. acnes MLST database. A total of six clonal complexes, in which isolates share at least six of seven loci with at least one other ST in the group, and four singletons were identified. The frequency of each ST is indicated by the area of each circle. Both ST6 and ST19 were the founders of their respective clonal complexes (CC6; CC19). The STs for completed whole genomes and those in the gap/finishing phase are also included; these include J139 (II; ST40), J165 (IA; ST6), SK187 (IA; ST39) and SK137 (IA; ST11). STs comprising eBURST group 3 are from the type IB 1 and IB 2 clusters. Note, the spacing between singletons and clonal complexes is not related to the genetic distance between them.
recombination events was investigated using a number of complementary approaches. Initial evidence was sought by construction and comparison of ME trees for each locus, which should be congruent in a clonal population ( Supplementary Fig. S6 , available with the online version of this paper). Concordant topologies were obtained for atpD, gmk, lepA and recA genes with the major divisions I, II and III forming distinct clusters on separate arms on the trees. Trees based on guaA, sodA and aroE were noncongruent, providing evidence of recombination in the history of these loci. Allele 4 of the guaA locus was found to be common to all type IB 1 (ST10, ST37, ST41) and 88 % type II STs (n57) analysed, while type IA and IB were more distantly related based on sodA alleles. MP phylogenies of the seven loci gave similar results with congruent trees for atpD, gmk, lepA and recA, both with one another and with the seven-gene concatenation, while genes for guaA, sodA and aroE generated different phylogenies (data not shown). The Shimodaira-Hasegawa test for congruence confirmed these results; ML tree topologies generated for guaA, sodA and aroE were significantly different from those of the other loci (Supplementary Table S2 , available with the online version of this paper).
Split graph analysis of the allelic profiles for each ST displayed multiple interconnected pathways or parallelogram structures indicative of recombinational exchanges against an essentially clonal structure in which the major divisions were resolved (IA, IB, II and III) (Fig. 5) . Splits graphs of the individual loci confirmed the results obtained upon construction of ME and MP phylogenies with guaA, sodA and aroE displaying parallelogram structures while atpD, gmk, lepA and recA loci generated clear tree-like structures indicative of clonal descent (data not shown).
STs and human disease
A clear association was observed between the dominant type IA clone ST6 and acne vulgaris, with a total of 41 of 54 (76 %) acne isolates from four continents representing this lineage (P,0.001) (Supplementary Table S1 ). Of the remaining 13 acne isolates (10 STs), a total of 10 (eight STs) were single locus variants (SLVs) of ST6 and, therefore, members of CC6 (Table 4) (Fig. 4) . Seven SLVs differed by one single nucleotide polymorphism (SNP) indicative of point mutation. These single nucleotide changes were found in novel alleles and were not present in any other STs in the study population. One SLV (ST34) had two base changes indicative of recombination (Table 4) . Therefore, in total, 51 of 54 (94 %) cases of acne were associated with isolates from the type IA group, all of which belonged to a single clonal complex (CC6) (P,0.001) (Tables 4 and 5 ). The ST6 clone was not just confined to acne, however, as a total of 11 of 31 (35 %) isolates from bacterial keratitis and endophthalmitis were also associated with this lineage (Table 4 ). In addition, a further five cases of ophthalmic-related infection were associated with five isolates (four STs) that were SLVs of ST6 and differed by one SNP in the loci affected (Table 4) . Only one of these SLVs (ST25) was common to an ophthalmic infection (keratitis) and acne. The ST6 clone was further associated with four of six dental infections, three fatal skin granulomas, and four additional SLVs of ST6 were also isolated from blood (ST4), a brain abscess (ST1), a lymph node (ST21) and spinal disc material (ST38) ( Table 4) . We also isolated ST6 from the facial and back skin of four laboratory volunteers providing evidence that this clone is also present on healthy individuals (data not shown). Isolates from the second type IA clonal complex were associated with kidney (ST2) and bone (ST3) infections (Supplementary Table S1 ).
The other dominant clone identified by our MLST scheme, ST10, was recovered from patients in Europe, USA and Japan. It almost exclusively represented the type IB 1 cluster (18/20 isolates) and was isolated from a range of sources including spinal surgery skin wounds (n54), spinal disc material (n52), acne lesions (n52), dental (n52) and ophthalmic (n54) infections, and sonicate from failed prosthetic hips (n52). In contrast, almost all other isolates classified as type IB in this study (ST9, ST22, ST27) were associated with ophthalmic infection (n58), except for Asn 1 (ST37) and 3145 (ST41) which were associated with a failed prosthetic hip joint and cancerous prostate tissue, respectively. The majority of isolates from all ophthalmic infections (90 %) belonged to the type I clade (P,0.001), although no significant difference in the distribution of type IA and type IB isolates was observed between keratitis (P50.225), endophthalmitis (P50.739) or all combined ophthalmic infections (P50.564) ( Table 5 ). The dominance of type I organisms with acne and ophthalmic infections resulted in relatively small numbers of type II and type III STs in our MLST collection. From the small number identified, the majority of type IIs (50 %) were associated with sonicate from failed prosthetic hip joints while type IIIs (60 %) were mostly associated with spinal disc material.
DISCUSSION
A recognized problem with genetic fingerprinting schemes, such as RAPD and repetitive element PCR, is the inherent variability that can often arise when trying to match gel banding patterns, especially between laboratories. MLST schemes based on nucleotide analysis of selectively neutral core housekeeping genes are more robust, reliable and unambiguous, providing the opportunity for more precise typing and characterization of bacterial pathogens which is critical for epidemiological studies. Lomholt & Kilian (2010) recently described a population genetics study on P. acnes isolates from 25 acne patients and 14 control subjects 
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P. acnes MLST and antigen characterization using nine housekeeping genes and two putative virulence genes (4287 bp). In our MLST scheme, six of the seven genes (except recA) analysed were distinct from those used in this earlier study. For routine typing of large isolate numbers, the analysis of 11 loci per isolate could prove impractical and costly, and may not yield significantly improved strain discrimination to justify their use over a lesser set of genes. To investigate this, we supplemented our MLST scheme with sequence data from two secreted putative virulence genes, which are considered to be under diversifying selection, and found little improvement in clonal resolution. This is in keeping with MLST results published for Streptococcus mutans . Furthermore, the type IA isolates NCTC737 and J165, common to both studies, were found to have identical STs whether analysed with seven loci (ST6; this study) or 11 loci (ST18) (Lomholt & Kilian, 2010) .
The MLST scheme supported previous recA-and tly-based studies that identified three major phylogenetic lineages (types I, II and III) within the species, as well as the differentiation of type I strains into types IA and IB (McDowell et al., , 2008 . The scheme also identified two clusters classified within the type IB grouping, designated types IB 1 and IB 2 . Caveats associated with aspects of previously described single locus phylotyping of P. acnes were highlighted upon validation of the MLST approach. All strains of type IB contain a GAA polymorphism at position 897 in the recA open reading frame which has been widely used to conveniently differentiate this group from type IA strains Shannon et al., 2006; Holmberg et al., 2009; Sampedro et al., 2009; Niazi et al., 2010) . While this polymorphism appears sensitive for type IB STs, it is not specific since strains confirmed as type IA by MLST were also found to occasionally share this particular recA allele. As a consequence, this polymorphic site should no longer be used for the sole identification of type IB isolates, and within our MLST scheme this SNP region of the recA locus is not analysed. In this study, isolates were only classified as a type IB by single locus phylotyping (to detect recA GAA 897 SNP) in combination with the results from concatenated gene sequence and eBURST (100 % identity at six of seven loci) clustering. The singleton strain SK187 (HMP) has previously been placed within the type IA cluster (Lomholt & Kilian, 2010) . Compared with other type IA strains, however, SK187 appears more closely related to the type IB division. In addition to sharing the recA GAA 897 SNP with type IB strains, it also contains a genomic region (PPA846-PPA874) as well as other genes (PPA2354-PPA2355; PPA2400) that are present in KPA171202 (type IB 1 ; ST10) (Lomholt & Kilian, 2010) . These regions code, for example, for ABC transporters, conjugal transfer systems and lanthionine biosynthesis. Two phenotypes have been described previously that help differentiate type IB strains from those within the type IA cluster; these are the absence of reaction with the type I mAb QUBPa1, which was previously shown to target a cell surface-associated antigen , and the production of large amounts of Christie-Atkins-Munch-Petersen (CAMP) factor 1 protein . Our MLST analysis has revealed that all type IB isolates upon which these observations were based are ST10, which is a dominant lineage within the P. acnes population (Supplementary Table  S1 ; McDowell et al., 2005; Valanne et al., 2005; Nagy et al., 2006) . In contrast, STs classified as type IB 2 in this study reacted with QUBPa1 along with IA strains. Further studies will be required to determine if high expression levels for CAMP factor 1 are common to other type IB STs.
To understand our QUBPa1 labelling results with ST10, and how they relate to other organisms from the type I clade, as well as types II and III, we purified and characterized the type I antigen. Mass spectrometry revealed two homologous proteins which we have previously shown bind the glycosaminoglycan molecule dermatan-sulphate and, therefore, are putative MSCRAMMs (microbial surface components recognizing adhesive matrix molecules) (Lodes et al., 2006) . These proteins (PA25957/PAA2127; PA5541/ PAA2210) are weakly similar to the M-like protein of Streptococcus equi and are also highly immunogenic (Lodes et al., 2006) . They share a putative cleavable signal sequence, a hydrophilic proline-rich repeat near the carboxylterminus, -LPXTG-motifs and significant homology (65 %) suggesting that they may have arisen by gene duplication (Lodes et al., 2006) . They do, however, lack a carboxyl-terminal sorting signal, characteristic of -LPXTGcontaining proteins in other Gram-positive bacteria (Lodes et al., 2006) , although the type 1 antigen is clearly associated with the cell surface. We propose that PA25957/PAA2127 is now known as dermatan-sulphate adhesin 1 (DsA1) and PA5541/PAA2210 as dermatan-sulphate adhesin 2 (DsA2). These proteins display variable molecular masses which is likely to reflect differences in the number of PT repeat sequences towards the C terminus. For type I strains, IFM with QUBPa1 provided evidence of within-strain phase variation in expression. Phase variation (expression or nonexpression of a protein) and antigenic variation (expression of different antigenic variants of a protein) may arise from slipped stranded mispairing within the C n TC n motifs evident in the signal sequence of both proteins, thus producing a frame-shift in the protein-coding region (Supplementary Fig. S4 ). The absence of QUBPa1 labelling with ST10, as well as type II and III strains, is likely to relate to multiple sequence differences, including the absence of an ATG start codon, introduction of premature stop codons ( Supplementary Fig. S5 ) and, in the case of type II strains, a stop codon upstream of the -LPXTG-motif in PA25957 (Lodes et al., 2006) . Evidence to support the view that these proteins are not produced in some strains has come from analysis of the P. acnes proteome by Holland et al. (2010) . Upon growth in complex medium (BHI), the type IA strain 266 was found to produce DsA1 in mid-exponential phase and DsA2 in stationary phase. The ST10 strain KPA171202, type IB strain P6 and type II (329) and III (487) strains showed no evidence of either DsA1 or DsA2 secretion in mid-exponential phase, although secretion in stationary phase was not examined. For other strains, it is possible that the absence of immunolabelling may reflect antigenically distinct forms of these proteins. In particular, type II strains have no evidence of a premature stop codon in the DsA2 sequence, but exhibit considerable sequence differences upstream of and within the PT repeat regions which are hydrophilic and predicted to be highly immunogenic ( Supplementary Fig. S5 ). QUBPa1 labelling of STs classified within the type IB 2 cluster provides evidence that one or both cell surface antigens are expressed by these genotypes, and alignments of the N-terminal protein sequences for PA25957 were in-frame with NCTC737, which is in keeping with our antibody typing results. Reaction of these STs with QUBPa1 suggests that phylogenetic reappraisal of the IB 2 cluster is warranted. Further phenotypic and genomic studies of isolates currently classified as type IB 2 cluster will hopefully provide a better understanding of the nature of this group and its relationship to types IB 1 and IA. Unfortunately, the reaction of Asn1 (IB 1 , ST37) and 3145 (IB 1 , ST41) with QUBPa1 was not determined during this current study. Further work is currently ongoing to identify the nature of the type II cell surface-associated antigen.
Due to the clonal nature of P. acnes, sequence diversity within the population was low. For each major lineage (I, II and III), STs comprised only one or two clonal complexes and only four singletons were identified from all the isolates analysed (including HMP strains). The population was dominated by a large type IA clonal complex that comprised~65 % of the isolate collection with ST6 as the founder genotype (CC6). This clonal complex is young as it has a relatively simple structure with a very strongly predicted founding ST and set of SLVs, with the average genetic distance from ST6 to all other STs in the complex equal to 1.0. All other STs in the complex have a greater genetic distance (1.66-1.93). As expected for a founding ST, the ST6 clone was much more prevalent in the population and widely disseminated compared with its SLVs .
In this first phase of our study we focused our MLST scheme primarily on isolates from patients with acne and ophthalmic infections, two conditions in which P. acnes is recognized as an important pathogen. For comparative purposes, however, a smaller number of isolates from other sources, such as soft-tissue and prosthetic joint infections, were also analysed. Lomholt & Kilian (2010) found a dominant P. acnes clone, equivalent to ST6, and its descendants amongst Danish patients with acne. On this basis, the authors suggested epidemic clones associated with acne are disseminated within the human population.
In our study, we investigated this possibility with a greater spread of acne-related strains isolated from patients living in different parts of Europe, as well as in North America, Asia and Australia. Our observations that the type IA clone ST6 was widespread and, along with SLVs, was dominant amongst patients with acne is consistent with the view that the disease is associated with a globally distributed clonal lineage and its descendants within the type IA cluster. The widespread dissemination of ST6 within the human population demonstrates the highly successful and stable nature of this clone. Although ST6 was also the dominant type IA strain from ophthalmic infections, and isolated from dental sources, its association with acne was striking. In contrast, the disseminated type IB 1 clone ST10 was associated with a broader range of conditions. Collectively, our data demonstrate that acne is associated with type IA strains, but also appears mostly confined to a dominant type IA clonal complex and widely disseminated clonal genotype within this cluster; in contrast, ophthalmic infections are associated with organisms from the type I clade (IA and IB). Furthermore, the association of CC6 with ophthalmic and other infections reveals opportunistic behaviour that is not just confined to acne pathogenesis, but can extend to other conditions.
Understanding why CC6 is so dominantly associated with acne could prove valuable in the development of novel treatments for this condition. Data collated from three different studies have demonstrated that amongst 203 P. acnes isolates from the facial skin of 64 volunteers, type IA (~50 %) and IB (~40 %) organisms are the dominant lineages present (Shannon et al., 2006; Holmberg et al., 2009; Niazi et al., 2010) . The absence of type IB strains amongst acne isolates despite their presence on facial skin provides evidence that type IA-specific factors are responsible for the association with acne. While in silico comparisons of CC6 genome sequences (J165, SK137) with those of other type IA strains (SK187), as well as type IB (KPA171202) and II (J139), have found differences with respect to imported island-like regions and genes involved in carbohydrate metabolism, no clear explanation for the dominant role of the ST6 lineage and its descendants in the aetiology of acne can be predicted based solely on gene content (Lomholt & Kilian, 2010) . Indeed, despite a small number of inserts and deletions, a high degree of sequence conservation was found throughout the genomes. Due to this low level of genomic plasticity, we can be confident that differences reflect variations in the transcriptome, with regulatory events at the transcriptional and translational levels.
Our own phenotypic studies with NCTC737 (ST6) have demonstrated its capacity to produce a range of putative virulence factors including neuraminidase, lipase and protease, but not haemolysin (A. McDowell and S. Patrick, unpublished data) . Expression of neuraminidase and lipase (GehA) appears to be especially associated with type IA isolates, and the production of lipase in particular is believed to play an important role in the pathophysiology of acne (Lomholt & Kilian, 2010; Holland et al., 2010) . This is due to the release of glycerol and free fatty acids from sebum triglycerides which may be inflammatory and chemotactic, and promote ductal hypercornification and adhesion between P. acnes and the hair follicle (Gribbon et al., 1993) . Furthermore, free glycerol released from sebum by lipase may act as an important carbon source and, along with the potential nutritional role also played by neuraminidase, promote growth (McGinley et al., 1980; Corfield, 1992) . The demonstration of differences in the expression of dermatan-sulphate-binding proteins in this study and others (Lodes et al., 2006; Holland et al., 2010) , and the observation of probable phase variation within type IA strains are likely to prove to be important observations in the context of acne pathogenesis, particularly as dermatan sulphate is the predominant glycosaminoglycan in skin and a biological response modifier involved in processes such as cytokine activity and wound repair.
While both type IA and IB isolates have been shown to induce the growth and upregulation of human b-defensin-2 and tumour necrosis factor-a expression in sebocytes, they can differentially modulate the viability and differentiation of these cells along with keratinocytes (Nagy et al., 2005 (Nagy et al., , 2006 . Differences have also been described between P. acnes isolates in their ability to stimulate naive and adult lymphocytes (Jappe et al., 2004) . Unfortunately, a more complete interpretation of these and other results in the literature, and their relevance to strains associated with specific conditions (e.g. ST6) has been frustrated by the absence, to date, of a transferable typing scheme for strain identification. Nevertheless, we believe there are now sufficient data from our studies and those of others to propose that the association of type IA strains with acne rests on a combination of key factors; in particular, the dominance of this lineage over types II and III on acneprone areas, the expression of cell-surface adhesins with the capacity for phase/antigenic variation and enhanced immunogenicity, and the production of specific virulence factors that aid overgrowth as well as the degradation of host tissue components. We further propose that the expression of proteins with the capacity for phase and antigenic variation helps explain the recurrent nature of acne.
Colonization of the facial skin with type IA and IB strains may explain their association with ophthalmic infections, especially as post-operative endophthalmitis following intraocular surgery, and bacterial keratitis due to contact lens wear, normally occur due to organisms that are part of the surrounding skin microbiota (Satofuka et al., 2003) . Bacterial keratitis due to P. acnes can cause significant morbidity and patients can be unresponsive to treatment, thus requiring surgical intervention (Ovodenko et al., 2009) . We can further speculate that the low abundance of type II and the absence of type III strains on the face suggest that they preferentially colonize other sites on the skin or body, and that this may contribute to their apparent associations with other clinical conditions. The identification of preferential sites of colonization by types II and III may give important insights into the relationship between these lineages and disease. Furthermore, MLST analyses with larger sets of isolates from confirmed medical device and soft-tissue infections may improve our rate of detection of clinically relevant type II and III strains and identify dominant lineages associated with these and other conditions where P. acnes may play an important and underestimated role.
